M yasthenia gravis (MG)
3 is an organ-specific autoimmune disease characterized by weakness of striated muscles and thymic abnormalities. It is mediated by autoantibodies directed against the postsynaptic nicotinic acetylcholine receptor (AChR) at the neuromuscular junction, resulting in loss of AChR by antigenic modulation, complement-mediated lysis and, less commonly, direct functional inhibition (1, 2) . The loss of functional AChRs leads to muscle weakness, breathing and swallowing difficulties, and paralysis, and can be life-threatening.
The muscle-type AChR is a pentameric glycoprotein, the fetal isoform comprising two and one ␤, ␥, and ␦ subunit; from ϳ32-wk gestation, the ␥ subunit is replaced by an ⑀ (3). The anti-AChR response is polyclonal with autoantibodies directed against various AChR epitopes (4 -7). However, one extracellular region on the ␣ subunit, known as the main immunogenic region, is a major target for anti-AChR Abs (3) . These Abs are clearly pathogenic as their removal by plasmapheresis markedly improves symptoms (8) . Moreover, transfer of Ab across the placenta from MG mothers causes transient neonatal MG in 10 -15% of babies (9) , and MG can be induced experimentally by transfer of MG serum Abs or monoclonal anti-AChR Abs into laboratory animals (3, 10) .
The thymus clearly plays an important role in the autoimmune response in MG (11, 12) . The thymic medulla of most patients with early onset MG (EOMG, age Ͻ40 years) is colonized by lymph node-like T cell areas containing AChR-specific helper T cells and germinal centers (GC). Plasma cells, which spontaneously secrete anti-AChR autoantibodies in vitro, are also present and are selectively activated in vivo (1, 5, (13) (14) (15) . Thymectomy results in a fall in serum anti-AChR titer that correlates with clinical improvement (2, 5, 16) , and anti-AChR autoantibodies have been produced from hybridomas (17) and Fab libraries derived from thymus tissue (6, 7) . We have observed that ϳ20% of these GC contain many "plasmablasts" producing anti-AChR and ϳ50% have AChR trapped on their follicular dendritic cells (FDC) (H. Shiono and N. Willcox, manuscript in preparation). It has been proposed that the formation of thymic GC may initially be provoked by rare medullary myoid cells that express native AChR, the only extramuscular cell type to do so (18, 19) . The relative contribution of the thymus to the production of anti-AChR-secreting plasma cells compared with the secondary lymphoid organs (lymph nodes and spleen) is unknown, but the above evidence suggests a major role.
Therefore, we tested the hypothesis that GC in the thymuses of EOMG patients are undergoing Ag-driven clonal expansion, somatic hypermutation, and selection, resulting in export of antiAChR-producing plasma cells in a process comparable with the normal GC response in a secondary lymphoid organ. We have analyzed the expressed V H gene repertoire and clonal origins of B cells in thymic GC containing AChR-specific B cells. The results show that these B cells are undergoing Ag-driven clonal proliferation and somatic hypermutation of their Ig V genes and that the rearranged V H gene sequences expressed by these cells show a remarkable degree of heterogeneity that may reflect a protracted response of the immune system to chronic autoantigenic stimulation.
Materials and Methods

Thymus tissue
A 32-year-old female developed MG and was thymectomized 31 mo later when her serum anti-AChR titer was 40.7 nM (AChR bound per liter of serum), typical for the EOMG patient subgroup (5, (13) (14) (15) . The symptoms of the patient had significantly improved at 4 mo and again at 10 mo postoperatively. Thymic tissue was embedded in Tissue-Tek OCT and frozen at Ϫ70°C. Serial frozen sections (6-to 8-m thick) were cut with a cryostat and mounted on slides coated with 2% 3-amino-propyltriethoxy silane (Sigma, Poole, U.K.). Sections were air-dried, fixed in acetone for 10 min, and stored at Ϫ70°C with desiccant.
Immunohistochemistry
Sections were stained with mouse mAbs specific for B cells (anti-CD20; DAKO, Carpinteria, CA), T cells (anti-CD3; Dako), proliferating cells (Mib-1 anti-proliferating cell nuclear antigen (anti-PCNA); Santa Cruz Biotechnology, Santa Cruz, CA), FDC (Wue-2), and plasma cells (Wue-1; A. Greiner, University of Würzburg), followed by rabbit anti-mouse Ig (DAKO) and the alkaline phosphatase anti-alkaline phosphatase (APAAP) complex (DAKO). Immune complexes containing APAAP were detected by incubation with new fuchsin substrate, and the sections were counterstained with Mayer's hematoxylin (Sigma).
Detection of AChR-specific B cells
AChR was solubilized from the AChR ⑀-transfected human rhabdomyosarcoma cell line TE671 (20) . This cell line expresses Ͼ80% adult AChR with Ͻ20% of the fetal isoform. Extracts were diluted in 0.05% Triton X-100 in PBS, and 1 ml was incubated with 3 ϫ 10 6 cpm of 125 I-␣-bungarotoxin (␣BuTx, 2000 Ci/mmol; Amersham, Little Chalfont, U.K.) for 90 min. Immunoprecipitation showed that 30 -40% of AChR were saturated with 125 I-␣BuTx. Controls for the specificity of 125 I-labeled ␣BuTx-AChR binding included the use of tonsil tissue from non-MG patients, thymus tissue from clinically typical MG patients with undetectable serum anti-AChR Abs, and the preincubation of 10ϫ excess unlabeled BuTx (Sigma) with AChR before incubation with 125 I-labeled ␣BuTx. Frozen sections were fixed with acetone and incubated with 125 I-␣-BuTxlabeled AChR or 125 I-␣-BuTx alone for 90 min at room temperature. After washing with PBS, the sections were fixed with 4% paraformaldehyde and dehydrated in a graded ethanol series. Dried slides were dipped in melted LM-1 emulsion (Amersham), exposed for 6 days at 4°C, developed, and counterstained with hematoxylin.
Microdissection of GC B cells and DNA extraction
GC that contained B cells specific for AChR were stained with anti-CD20, and sections were overlaid with Scott's tap water substitute (0.35% NaHCO 3 , 0.2% MgSO 4 ). GC were accurately excised using sterile blood lancets controlled by Nikon (Melville, NY) Narishige micromanipulators under a Nikon Diaphot inverted microscope at ϫ100 magnification. The excised tissue was digested in 30 l of proteinase K (0.7 mg/ml; Boehringer Mannheim, Indianapolis, IN) at 50°C for 1 h. Heating to 95°C for 10 min inactivated the enzyme, and the DNA was stored at Ϫ20°C.
Amplification and cloning of rearranged heavy chain V genes
A nested PCR system was used to amplify the rearranged heavy chain V genes. In the first round, genes were amplified with primers complementary to the V H leader sequences and the 3Ј end of the J H gene segment-intron. In the second round of PCR, V H family-specific primers complementary to the start of the V H framework region 1 and each J H segment were used. The primers were designed to amplify all functional, rearranged heavy chain genes and were based on previously published V H primer sequences and the human VBASE directory of Ig genes (21, 22) . Table I shows a list of amplification and sequencing primers. We have shown that these primers amplify members from each V H family from PBL DNA under the conditions described below (G. Sims and G. Rowley, unpublished observations).
In the first instance, 10 l of DNA was amplified in a reaction volume of 50 l with 2 pmol of V H leader primer mixture and 2 pmol of universal J H primer for 35 cycles of 1 min at 94°C, 1 min at 59°C, and 2 min at 72°C. The PCR was completed with a final 15-min incubation at 72°C. The reaction was conducted on a Trio-thermoblock (Biometra, Tampa, FL) using the Expand High Fidelity PCR System (Boehringer Mannheim) with 2 U of DNA polymerase, 2.5 mM MgCl 2 , and 200 M dNTPs in conjunction with hot-start ampli-wax Gem-50 beads (PerkinElmer, Norwalk, CT). For the second round of PCR, each V H gene family was individually amplified for 40 cycles using 2 l of the first product as a DNA template. Reactions were otherwise performed in a similar manner to the first round PCR, except that 20 pmol of each V H family primer mix was used with 20 pmol of J H primer mix. An annealing temperature of 61°C was used for the V H 1, V H 2, and V H 3 primers, and 65°C was used for V H 4, V H 5/7, and V H 6. Amplified DNA from the second PCR was purified by gel electrophoresis using 4% NuSieve agarose (FMC, Chicago, IL), extracted using GeneClean II (Bio 101, Vista, CA), ligated with TA-cloning vector pCRII, and transformed into IFN-␣FЈ cells (Invitrogen, San Diego, CA).
Sequencing and analysis of rearranged V H genes
Plasmid DNA from clones containing gene inserts was prepared using QIAprep spin mini-prep kits (Qiagen, Chatsworth, CA), precipitated, washed thoroughly, and resuspended in 10 mM Tris-HCl, pH 8.5. The V H genes were sequenced using ABI automated cycle sequencing (Applied Biosystems, Foster City, CA) in both directions using primers complementary to sequences flanking the cloning site. Sequences were compared with the human VBASE directory of immunoglobulin genes (22) using DNAPLOT (W. Müller, Institut für Genetik, Köln, Germany) to identify the best matching germline gene segments. The nomenclature for the V, D, and J gene segments adopted here and the definitions of the complementarity determining regions (CDRs) have been previously described (23) (24) (25) (26) . Clonally related V genes were identified on the basis of identical V-D-J gene rearrangements and CDR3 regions. The pattern of mutations for each sequence was compared with other sequences from the same GC and germline genes to identify hybrid sequences derived from recombinant V H gene segments. Genealogical trees showing the relationships between B cell clones were constructed by analysis of shared and unshared mutations using phylogenetic analysis using parsimony (27) . TGA GGA GAC GGT GAC CAG GGT GC HUJH3 TGA AGA GAC GGT GAC CAT TGT CCC HUJH4 TGA GGA GAC GGT GAC CAG GGT TCC HUJH6 TGA GGA GAC GGT GAC CGT GGT CC Sequencing primers PCRIIFOR ACT CAC TAT AGG GCG AAT TGG PCRIIREV CAT GAT TAC GCC AAG CTT GGT
Determination of PCR error rate
Multiple replicate sequencing of germline rearrangements and hybridomas revealed 7 base changes in 34 V H genes and 1 base change in 7 V H genes, respectively. Therefore, taking the most conservative estimate, the PCR error rate is less than one mutation per four V H gene segments (or ϳ1/1200 bp), which corresponds to 1.1 ϫ 10 Ϫ5 mutations/bp/cycle. This is similar to previous estimates of the polymerase error rate for the amplification of V H genes using nested PCR (28 -30) .
Statistics
The distribution of V H and J H family usage was assessed using 2 analysis. Data with low expected frequencies were excluded. The probabilities for individual V H families and J H genes were assessed using two-tailed analyses with compensation for multiple tests using the methods of Bonferroni and Holm.
Results
Thymic GC resemble those found in normal lymphoid tissue
Immunohistochemistry was used to identify GC-like structures in the thymuses of five EOMG patients. Staining of serial sections revealed that the medulla contained a large number of B cell clusters covering 10 -20% of the area of each section; most thymic GC were indistinguishable from the GC in tonsil tissue from healthy individuals. These GC were encapsulated by a follicular mantle (FM) of densely packed, small CD20 ϩ B cells ( Fig. 1A ) with crescents of CD3 ϩ T cells just within the FM, mainly around the apex of the light zone (Fig. 1B) . The FDC formed a dense reticulated network throughout the light and dark zone, even extending into the FM (Fig. 1C) . Proliferating cells were more frequent within the GC than the surrounding FM, and light and dark zones could usually be distinguished (Fig. 1D ). Some plasma cells were associated with the GC; most were clustered at the border of the GC and the FM. No GC were detected in thymuses from two non-MG patients who had undergone heart surgery.
Patterns of 125 I-␣BuTx/AChR labeling
As observed in other EOMG thymuses (H. Shiono and N. Willcox, manuscript in preparation), 125 I-␣BuTx alone gave diffuse labeling in ϳ50% of the GC, with a distribution similar to that of FDC. It was not seen in tonsils or in the thymuses of two otherwise typical but "seronegative," i.e., without detectable anti-AChR Abs, MG patients (31) . Because this labeling was also blocked by the cholinergic drug carbamyl choline, this strongly implies that many thymic GC contain intact AChR trapped on FDC. All four GC examined in this study specifically bound 125 I-␣BuTx. With 125 I-␣BuTx-AChR (which includes ϳ30% of free 125 I␣BuTx), ϳ20% of GC, including GC C, showed multiple discrete, moderately positive "centrocytes" and intensely stained plasmablasts (Fig. 1E) . The latter were also clearly present in GC A, B, and D often toward the periphery of the GC, although AChR ϩ centrocytes were not readily detectable (Fig. 1F ). Approximately 50% of thymic GC were entirely negative. The proportion of GC exhibiting these patterns of binding varied between patients (H. Shiono and N. Willcox, manuscript in preparation). We also consistently saw occasional individual or clustered heavily labeled cells outside follicles in the nearby T cell areas where staining for plasma cells with Wue-1 had been noted. Because of limited sensitivity, this method probably detects cells with a high concentration of internal Ab more efficiently, especially the plasma cells known to be present in EOMG (5-7). It may be biased toward certain epitopes, and the stage of B cell differentiation and affinity of the Ab are also likely to be important. Finally, we found no Immune complexes were formed with APAAP and detected with New Fuchsin (red). Nuclei were counterstained with hematoxylin (blue). A and B, GC A stained with anti-CD20 and anti-CD3 for B and T cells, respectively (ϫ100). Arrow in B shows T cells around the inner edge of the GC. C, FDC stained with Wue-2 Ab populate the entire GC C and penetrate the FM (ϫ400). D, GC D stained with Mib-1 (anti-PCNA) for proliferating cells (ϫ400). A concentration of proliferating GC B cells is evident in the dark zone (DZ). E-F, 125 I␣BuTx-labeled AChR detects several discrete positive cells in other GC. E, GC C (ϫ200); the diffuse labeling in the light zone was also evident in a neighboring section exposed to 125 I-␣BuTx alone (data not shown). F, Individual strongly AChR-binding cells are clearly seen in and around GC B (ϫ100).
125 I-␣BuTx-AChR binding cells in thymic GC from two seronegative MG patients or in normal tonsil GC (data not shown).
Amplification of heavy chain V genes from thymic GC
To determine whether thymic GC that contain anti-AChRproducing B cells are actively engaged in a typical GC-type response, four GC (A, B, C, and D) and the FM area from GC A were analyzed. The GC were isolated from sections of an EOMG thymus by microdissection, and the rearranged V genes were amplified, cloned, and sequenced. Details of the relative AChR and ␣BuTx staining and the numbers of rearranged heavy chain V genes examined are summarized in Table II .
Nonfunctional and hybrid rearrangements
Among the 315 sequences examined from the four AChR ϩ GC, 29 were nonfunctional sequences that included two sets of clonally related sequences, which were presumably the nonfunctional partners of successful V-D-J rearrangements. An additional 24 sequences appeared to be recombinant hybrid sequences composed of the 5Ј region of one V H gene linked to the 3Ј region of a separate V-D-J rearrangement. Every effort was made to detect recombinant sequences, as some of these are likely to be PCR artifacts. Recently it has been shown that some apparently hybrid V gene sequences from expanding B cell clones in tonsil tissue are derived from receptor revision events (32) . Here we find 12 of the hybrid genes appeared to be functional, and up to half of these may be a result of receptor revision, as the CDR3 region of one V-D-J has recombined with a different upstream V H gene. However, because the nonfunctional genes are not subject to Ag selection and many of the hybrid genes may be PCR artifacts that would otherwise bias the V gene repertoire, these genes were omitted from further analyses.
Functional V gene rearrangements
Two hundred and sixteen sequences derived from 61 independent functional V gene rearrangements were isolated from the four GC, and 46 sequences derived from 24 functional V genes were obtained from the FM of GC A (Table II) . In each GC we found a diverse assemblage of V genes using a variety of V H , D H , and J H gene segments with variable degrees of somatic mutation. There was no evidence to suggest that B cell clones from one GC directly seed a response in a neighboring GC, because no related V genes were found in more than one GC despite their close proximity. Moreover, with GC A, no rearrangement was found in both the GC and the surrounding FM. Although we found a total of 18 sets of clonally related sequences identified by their unique V H and CDR3s with evolving mutations (see below), the majority of sequences were either unique or differed by single substitutions. Considering that the PCR error rate was estimated to be less than one misincorporation per four V H genes, related sequences that averaged less than one difference per V H gene were assumed to be identical, whereas sequences with more differences were considered to be significantly mutated members of clonally related sets. This conservative approach probably ignores some early B cell clones and so may underestimate the true diversity. Fig. 2A shows the V H gene family usage of the functional independent V gene rearrangements for the FM of GC A, and the GC A, B, C, and D. Members of a clone were only counted once. The distribution was similar in the GC and the FM. In each case, V H 3 clearly predominated, and at least one V H 5 rearrangement was also present, but no V H 6 or V H 7 genes were found. The frequencies of the V H gene families for the combined GC are shown in Fig. 2B . These frequencies differ significantly from the expected distribution deduced from their relative occurrence in the germline ( p Ͻ 0.01). The V H 3 family was over-represented at the expense of V H 4 genes. The 61 independent functional V-D-J rearrangements isolated from the GC used a total of 25 different germline V H genes. Among these, nine were used on three or more occasions, accounting for 65% of the total (Fig. 2C) . Seven of these genes belong to the V H 3 family and are largely responsible for its over-representation; this is even more marked in the clonally related sequences (Table III) . There was also a clear bias toward the J H 4 gene segment at the expense of J H 2 and J H 1 (Fig. 2D) . Five of the seven different D H gene families were found in V genes from each GC with D H 3 and D H 6 being the most commonly used; however, in many cases the probable D segment could not be deduced and in others no D segment was apparent.
V gene usage
CDR3 sequences
There was no obvious conservation in the size or composition of the CDR3, which ranged from 3 to 21 aa, with 12-18 aa most common. At the 3Ј end of the CDR3, FDI, FDY, NWFDP, and YYGMDV motifs were common, representing the 5Ј regions of the J H 3, J H 4, J H 5, and J H 6 genes, respectively. Glycine, serine, and tyrosine residues were also common in the CDR3 regions. Indeed, 13 of the 61 functional rearrangements had significant runs of these residues; in the germline they are encoded by most D H 3 a Immunohistochemistry was used to detect GC in frozen sections of thymus tissue. b AChR and ␣BuTx staining were classified as follows: Ϯ, staining at the FM-GC margin; ϩ, some focal staining; ϩϩ, light staining; ϩϩϩ, heavy staining. B cells from GC A, B, C, and D, and the FM from GC A were microdissected from serial sections and the V H genes were amplified, cloned, and sequenced.
c Independent V genes were identified on the basis of the V(D)J gene segments and the sequence composition of the CDR3 (sequences with the same rearranged V gene are only counted once). The number of functional V genes, nonfunctional and/or hybrid V genes, and the total number of independent V genes isolated are given. Functional V genes are divided into those genes that have no clonally related members (or a set of related sequences that do not significantly differ from the estimated PCR error rate) and related V genes adjudged to be derived from B cell clones. Details of the B cell clones are given in Table III .
d The number of all sequences corresponding to each group of genes is shown in parentheses.
genes in reading frame (RF) 2, most D H 5 genes in RF3 and D H 6 segments in RF1, and are probably not unusual. Fig. 3 shows that most of the functionally rearranged V genes were mutated whether they came from GC or the FM. Each GC exhibited a similar mutation profile with considerable variation in the number of mutations per V gene, reflecting remarkable clonal heterogeneity. For example, the V H genes isolated from GC B had an average of 8.7 mutations, but contained both unmutated sequences and heavily mutated genes with up to 52 mutations. The ratios of replacement to silent mutations (R:S ratios) in the CDRs also varied greatly (Table III) , tending to be higher in the more mutated sequences. Rather unexpectedly, the majority of V H genes in the FM of GC A had Ͼ11 mutations (mean ϭ 14.1); only 25% were essentially unmutated (0 -2 mutations/V H ).
Somatic mutation in FM and GC B cells
Evidence for clonal proliferation and somatic hypermutation in thymic GC
Related sequences sharing the same V-D-J rearrangement, but differing by several nucleotides over the V H region, were identified in each GC and GC A (FM). In total, 27 functional gene rearrangements were found to have two or more related sequences. Although the members of nine sets of related V genes differed by only one or fewer base changes per gene and could therefore be ascribed to PCR error, eighteen sets of related sequences exhibited significantly higher mutation rates and were therefore identified as members of B cell clones (Table III) . In three cases, 8C, 9C, and 15D, related sequences that share common mutations were identified from two or more separate sections (one cell thick). Because the sections were amplified independently and each cell only has a single copy of each DNA rearrangement, these sequences must be derived from different members of a proliferating B cell clone. The possibility that the members of these 18 B cell clones could have proliferated elsewhere and then migrated to the same GC is extremely remote. Therefore, these results demonstrate that B cell clonal proliferation and somatic hypermutation are taking place in the thymic GC of MG patients.
Thymic GC are composed of many small B cell clones
Table III details the properties of the functional, clonally related sequences isolated from the GC (1-6 clones each) and the FM (2 clones). None of the GC contained a single dominant clone. All of the clones were small with no more than five different members isolated, and none spanned more than five single-cell sections. Because we only sampled a fraction of each GC, which spanned from 50 to 120 sections, there are almost certainly many more clones present than we have detected, underestimating the true heterogeneity of GC B cell clones.
Memory and naive B cells proliferate in situ
To illustrate the relationships between clonally related B cells, six clones isolated from GC C and D, which contained AChR-specific B cells, as described previously, are displayed as genealogical trees in Fig. 4 . Both GC contained B cell clones (11C and 17D) expressing a rearranged, unmutated V gene and mutated variants, which suggests that these clones are recently derived from naive B cells, whereas the earliest deduced V H precursors for the other clones contained from 5 to 26 mutations. Examination of all the B cell clones shows that 6/18 are derived from naive B cells expressing essentially germline V genes (0 -2 mutations), whereas the remainder are formed from progenitors with a variable number of V H mutations (Fig. 4C) . Although we cannot be certain that we have isolated the original progenitor cell in each case, at least some of the 12 clonally related sets of V genes that did not include a rearranged, unmutated V gene are most likely to be derived from a progenitor memory B cell. This demonstrates that both memory and naive B cells are stimulated by Ag in thymic GC of MG patients to undergo clonal proliferation and mutate their Ag receptors. Because we find no evidence to suggest that B cells from one GC directly seed a neighboring GC, we predict that the responding B cells are derived from the pool of circulating PBLs. Notably, the majority of sequences isolated from the GC were not members of any of the 18 clones identified (Table II) , which suggests that a significant proportion of the GC occupants are quiescent bystander B cells. (Table III) . There is also evidence for a common selection process among three V H 5-51 B cell clones from different GC (Table IV) . Three replacements recurred in V H 5-51 clones isolated from GC A (FM), C, and D. At aa32 and aa52 there are common tyrosine-to-phenylalanine (Y3 F) substitutions and in CDR2 there is a recurring aa64Q3 E (glutamine to glutamic acid) substitution. Moreover, the CDR3 lengths are similar and show similar amino acid compositions in two cases. These observations suggest that a common selection process is acting upon independent B cell clones from separate GC. All the clonally related sequences were also compared with previously characterized AChR-specific hybridomas and Fab heavy chain genes (6, 7, 17 a Clonally related sets of sequences were identified on the basis of a common V-D-J gene rearrangement and CDR3 composition. Related sets of sequences differing by more than the basal PCR error rate were regarded as B cell clones.
Selection of AChR-specific B cell clones
b Individual clones have been allocated a number and a letter corresponding to the parental GC. c In some cases, the D H exon could not be determined (D H ?) or was not apparent (-). The D H RF is also given. d The number of different members of a B cell clone are given, and the total numbers of related genes isolated are shown in parentheses. e R:S, Replacement:silent mutations. f CDR3 residues predicted to be encoded by the D H segment or N-addition have been separated from J H -encoded residues. g The serial sections were numbered sequentially; members of the three B-cell clones were found in multiple sections.
used by B cell clones 4B, 14D, 15D, and 16D from GC B and D, have previously been found to encode Abs with specificity for AChR from other EOMG patient genes (6, 7) (I. Matthews, G. Sims, S. Ledwidge, D. Stott, N. Willcox, and A. Vincent, manuscript in preparation). Comparison of the CDR amino acid sequences reveals that both the V H 3-48 B cell clones 14D and 15D exhibit several substitutions that are also present in Fab AB5, which is specific for the AChR ␥ subunit (6) ( Table IV) . In CDR1 there is a recurring aa35N3 D (asparagine to aspartic acid) substitution, and in CDR2 at aa54 and aa55 there are consecutive serine-to-glycine (S3 G) substitutions and an aa57I3 T (isoleucine-to-threonine) replacement. To assess the frequency of the 'convergent' replacements among 100 similar sequences, we performed a basic local alignment search tool (BLAST) search on the anti-AChR AB5 DNA sequence. The occurrence of the codons encoding aa35D, aa54G, aa55G, and aa57T were 0, 49, 3, and 12%, respectively. However, it was inevitable that similar sequences derived from other V H 3 genes would also be retrieved. The high frequencies of aa54G and aa57T were found because these residues are encoded by 16/21 and 13/21 of the other V H 3 germline genes, respectively. No retrieved sequences had aa35D, and none of the sequences with aa55G were derived from the V H 3-48 germline gene. Therefore, the convergent replacements (and aa35N3 D and aa55S3 G in particular) are unlikely to have occurred by chance. This suggests that a common selection process is acting independently in different individuals, and B cells in myasthenic GC are undergoing clonal proliferation, somatic hypermutation, and affinity selection for AChR binding.
Discussion
The EOMG thymus contains large numbers of GC histologically resembling those in peripheral lymphoid tissues (33) (Fig. 1, A-D) . AChR was detected on the dendritic processes of FDC in ϳ50% of these GC, and many of them contained AChR-specific centrocytes and plasmablasts ( Fig. 1, E-F ; H. Shiono and N. Willcox, manuscript in preparation). To study their role in the autoimmune response, we analyzed the V H gene repertoire of thymic GC containing AChR-specific B cells. The results of this study led to the following novel conclusions: 1) the B cell repertoire in individual GC is strikingly heterogeneous, less than half of the rearranged V H genes being expressed by B cell clones as defined by shared V-D-J rearrangements and CDR3; 2) GC B cells exhibited a wide range of mutation frequencies in their V H genes; 3) both naive and memory B cells in GC are stimulated by Ag to proliferate and mutate their Ig V genes; 4) each GC contains a large number of small B cell clones, no single clone dominating the response; and 5) the same replacement mutations are selected for in some B cell clones from independent GC and anti-AChR Abs from different patients, demonstrating a common selection process. These results provide strong evidence for ongoing Ag-driven B cell proliferation and selection in thymic GC of MG patients, providing a rich source of AChR-specific plasma cell precursors.
The V H gene repertoire in thymic GC
In an earlier study, Guigou et al. (34) (Fig. 2) . There was also considerable variability in the extent of somatic mutation (Fig.  3) . This is in contrast to the V gene repertoire of thymic B cells isolated from children undergoing heart surgery, which are mostly unmutated with higher frequencies of V H 4, V H 6, and J H 2 genes (36). Unlike the fetal-like repertoire of these thymic B cells, the myasthenic GC B cells are characteristic of a normal memory B cell population. Furthermore, most FM B cells from the tonsil and spleen are also unmutated (28, 37, 38) , whereas we find that mutated B cells are prevalent in both the FM and the GC in MG. Together our results suggest that there is extensive migration of the memory B cell population into thymic GC during a chronic immune response.
We isolated numerous small B cell clones from the GC. Clonally related V genes were isolated from different sections of the same GC on several occasions (Table IV) . Because each section was amplified independently, these related V genes could not be derived from the same B cell and therefore must be derived from a proliferating clone. This is consistent with the PCNA staining, which showed that B cell proliferation is taking place within the GC (Fig. 1D) . Sequence analysis revealed that the proliferating B cell clones are undergoing somatic hypermutation in thymic GC of MG patients.
An unusual feature of these GC is the absence of a dominant B cell clone. In mice, the GC response to haptens is oligoclonal, often derived from approximately three progenitor B cells, one or two clones becoming dominant as the response progresses (39 -42) . In normal human lymphoid tissue, studies have been limited to single cell analysis of GC of unknown specificity from a single section. Kuppers et al. (28) found five clones from two tonsil GC, which accounted for 13/20 of the functional V H genes examined, and Roers et al. (43) found three clones in a cervical lymph node, which involved only 8/18 functional V H genes. In contrast, our extensive analysis of over 300 V H sequences from multiple sections of four GC indicates that the autoimmune response in EOMG is heterogeneous with numerous B cell clones derived from a mixture of naive and mutated B cell progenitors (Table III, Fig. 4 ). This heterogeneity correlates with the well known polyclonal nature of the anti-AChR serum Abs in MG (3) (4) (5) (6) (7) . No dominant B cell clones were identified in the myasthenic GC. Because many clones were derived from mutated progenitor cells, and each clone contained only small numbers of B cells, the potential for further somatic hypermutation and selection of high affinity memory B cells may be restricted. Similar analyses of ectopic GC from the synovium in rheumatoid and reactive arthritis have also revealed multiple proliferating B cell clones (44, 45) . Both polyclonal GC and GC with dominant clones were isolated from the salivary glands of patients with Sjogren's syndrome (46) . In each case the GC B cells used a different set of V genes from those expressed in the MG GC; however, the nature of the stimulatory Ag is unknown.
Ag-driven selection of B cell clones
The variable gene usage, and size and composition of the CDR3, of V H genes expressed by B cell clones in GC with specificity for AChR indicates a polyclonal response. The presence of AChRspecific centrocytes and plasmablasts in GC C indicate that this GC is mounting a strong response to the autoantigen. GC A, B, and D also contained AChR-specific plasmablasts, although Ag-specific centrocytes were not detected. The former are presumably readily detectable due to high expression of intracellular Ab, whereas detection of Ag-specific centrocytes is likely to depend on the affinity of Ag for the low density cell surface receptors. However, we cannot rule out the possibility that some B cell clones may be responding to other Ags. Nevertheless, the extensive ␣BuTx staining does demonstrate that AChR is abundant in the FDC network of each GC, and there is evidence to suggest that two B cell clones derived from GC D share a common selection process with an anti-AChR Ab isolated from a different patient.
Despite the polyclonal nature of the response, common CDR amino acid replacements were found among the V H 5-51 clones isolated from GC A (FM), C, and D, which suggests that some clones from different GC are responding to the same Ag (Table  IV) . Even more strikingly, we identified two independent V H 3-48 B cell clones that exhibited a series of CDR amino acid replacements also found in a Fab (AB5) with specificity for the ␥ subunit of AChR, independently cloned from a different patient (6) . None of these replacements were apparent among nonfunctional frameshift V genes, which suggests that the mutations were not introduced by a natural bias in the mutation machinery (30, 47, 48) . This seems even less likely when the pattern and frequency of these mutations is considered. There are five consecutive AGT codons in the CDR2 of the V H 3-48 germline gene that encode serine residues. Comparisons of the V H 3-48 clones and the antiAChR Fab AB5 reveal that there are no replacements of the first serine residue and five different amino acid replacements for the a B cell clones isolated in this study were compared with germline genes and previously published sequences from AChR-specific hybridomas and Fabs. Representative V genes from different B cell clones that exhibit selection towards particular amino acid substitutions are shown.
b Residues that are identical to the germline are indicated by a dash. Replacement substitutions are shown in normal type, whereas bold type highlights residues from independent clones that share identical amino acid replacements.
c For cross-reference in the text, the amino acid positions of the convergent amino acids in CDR1 and CDR2 are indicated above the germline sequences. d AB5 is an AChR-specific Fab isolated from thymus tissue of a different EOMG patient (6).
second and third (none of which are serine-to-glycine, S3 G), whereas five of the six replacements at aa54 and aa55 convert serine to glycine (S3 G, Table IV) . Moreover, the low frequency of convergent replacements (particularly aa35N3 D and aa55S3 G) in similar V genes also suggests that some of the B cell clones have undertaken a similar selection and affinity maturation process as the AB5 AChR ␥-specific Ab. These results suggest that B cells with specificity for AChR undergo Ag-driven clonal proliferation, somatic mutation, and affinity maturation in the thymic GC of EOMG patients. A series of Fabs and single-chain variable fragments are now being analyzed to map the epitope specificities of these B cells and to examine the relationship between mutation and affinity maturation. These results highlight the role of thymic GC in trapping autoantigen and generating AChR-specific plasma cells from a heterogeneous population of naive and Ag-specific memory B cells. This is consistent with observations of spontaneous anti-AChR secretion by thymic plasma cells in vitro, and the reduction in anti-AChR titer and clinical improvement following thymectomy in EOMG (13, 16) . The localization of GC may be linked to expression of autoantigen in the thymus. Rare muscle-like myoid cells in the thymic medulla express the fetal form of the AChR (11, 18) , which is often recognized by the Abs produced by these patients (3, 6) . We hypothesize that these myoid cells may provoke GC formation as a result of attack on their AChRs by autoantibodies produced during the early stages of development of MG (19) . The description of thymic GC presented here is the first detailed account of a GC response to a defined Ag in humans, and provides the first direct evidence that ectopic GC are responsible for maintaining an autoimmune response through selection of specific self-reactive B cells.
